





















The	 surface	 plasmon	 resonance	 (SPR)	 effect	 observed	 on	 metal	
surfaces	[1],	thin	metal	films	[2]	and	metal	gratings	[3]	has	been	used	
by	 researchers	 in	 a	 number	 of	 applications,	 including	 the	
characterization	 of	 surface	 roughness	 [4],	measurement	 of	 complex	
refractive	index	of	metals	[5],	for	enhancing	interface	nonlinearities,	as	
in	 the	 surface	 enhanced	 Raman	 scattering	 [6],	 to	 name	 a	 few	
applications.		After	its	identification	in	the	1980s	as	a	suitable	optical	
transduction	mechanism	for	gas		sensing	and	biosensing	[7,	8],	it	found	




time	 systems	 based	 on	 the	 SPR	 effect	 exploit	 the	 Kretschmann	
configuration	[2],	as	illustrated	in	Fig.1a,	with	a	metal	film	thickness	of	
approximately	 50	 to	 60	 nm.	 The	 exposed	 metal	 surface	 is	
functionalized	with	 a	 thin,	 bioactive,	 organic	 layer,	 having	 refractive	
index	 n	and	 the	 biological	 analyte	 in	 solution	 flows	 through	 a	 thin	
channel	 (not	 shown)	 above	 the	 metal	 surface	 [10,	 11].	 The	
measurement	comprises	basically	detecting	refractive	 index	changes	
in	 the	 organic	 layer	 due	 to	 a	 biological	 reaction.	 For	 this	 type	 of	
application,	 the	 so‐called	 Otto	 configuration	 has	 not	 been	 explored.	
Differently	 than	 the	Kretschmann	 configuration,	Otto's,	 illustrated	 in	
Fig.1b,	requires	the	metal	surface	to	be	separated	from	the	bare	glass	
surface	by	a	gap	distance	dg	on	the	order	of	the	wavelength.	It	is	not	
difficult	 to	 set‐up	 the	 Otto	 scheme	with	 a	 gap	 distance	 that	 can	 be	
adjusted	to	enable	reaching	the	critical	coupling	of	 the	SPR	effect,	as	
originally	 demonstrated	 by	 Otto	 [1],	 or	 alternatively	 with	 a	 rigid,	
transparent,	spacer	coating	on	the	metal	having	proper	thickness	and	
refractive	index	to	enable	observation	of	the	SPR	effect.	The	latter	has	
been	 demonstrated	 in	 the	 literature,	 e.g.,	 in	 the	 characterization	 of	
overcoated	aluminum	mirrors	by	SPR	[12].	Fabricating	a	sealed	flow	
channel	 with	 an	 empty	 gap	 in	 the	 Otto	 configuration,	 on	 the	 other	
hand,	without	offsetting	the	gap	distance	for	critical	coupling,	is	difficult	
to	 achieve	 and	 this	 may	 probably	 be	 the	 reason	 why	 the	 Otto	
configuration	 has	 not	 been	 implemented	 for	 practical	 biosensing	
devices.	Although	the	sensing	performance	of	an	SPR	transducer	in	a	




technology	of	SPR‐based	optical	 sensing.	For	 instance	 the	degrading	
effect	 produced	 by	 the	 adhesion	 layer	 on	 the	 quality	 factor	 of	 the	
resonance	 curve,	 observed	 in	 the	 Kretschmann	 configuration	 [9],	
would	 not	 occur	 in	 the	 Otto	 scheme,	 given	 that	 in	 the	 latter,	much	
thicker	values	of	the	active	layer—in	general	a	high	purity	gold	film	—	
can	be	employed.	Because	of	this,	the	adhesion	layer	does	not	disturb	
the	 evanescent	 surface	 plasmon	 amplitude	 profile	within	 the	 active	
layer.	 In	addition,	 it	is	well	known	that	optical	 losses	increase	as	the	
metal	film	thickness	is	reduced	[2].		Use	of	thicker	metal	films,	as	in	the	
Otto	scheme,	allows	reaching	optical	properties	of	the	active	layer	close	










probing	 much	 smaller	 sample	 volumes,	 something	 that	 with	 the	
Kretschmann	 configuration	 could	 only	 be	 done	 at	 the	 expense	 of	
lowering	the	quality	factor	of	the	resonance	effect.			
The	 potential	 benefits	 of	 the	 Otto	 configuration	 for	 SPR‐based	
optical	 sensing	 is	 the	 main	 motivation	 for	 developing	 the	 work	




In	 order	 to	 determine	 design	 parameters	 for	 the	 successful	





optical	 constants	 of	 gold	were	 interpolated	 from	 those	 listed	 in	 the	
tables	 of	 the	 CRC	 Handbook	 of	 Chemistry	 and	 Physics	 [14].	 All	
simulations	 reported	 in	 this	 paper	 were	 obtained	 by	 use	 of	 a	
Mathematica	 code	 that	 calculates	 the	 reflectance	 of	 a	 multilayer	
structure	[15],	employing	the	Fresnel	reflection	formulation	reported	
in	the	literature	[1,2,5]	for	a	BK7	prism	and	for	the	wavelength	of	975.1	
nm,	used	 in	 the	 experimental	 set‐up	 reported	herein.	The	 refractive	
index	of	BK7	was	obtained	from	[16]	and	the	gap	is	assumed	to	be	air	
or	 vacuum.	 Figure	 2	 shows	 the	 predicted	 SPR	 curves	 for	 the	 Otto	








an	oxygen	plasma	etcher.	A	Cr	 film	of	 10	nm	was	 sputtered	on	 the	
silicon	surface,	followed	by	300	nm	of	Au.	After	metal	deposition,	the	
metal	coating	was	patterned	inside	the	silicon	cavity	using	the	lift‐off	
process,	 by	 use	 of	 AZ5214	 as	 a	 PR	mold	 [18].	 The	 backside	 of	 the	
silicon	wafer	was	etched	by	use	of	a	Bosch	DRIE	process	[17],	to	yield	
the	inlet	and	outlet	of	the	channel	of	the	chip,	with	aluminum	used	as	
the	etch	mask.	 	 The	prepared	 silicon	wafer	 along	with	a	bare	 fused	
quartz	wafer	were	diced	with	the	same	size,	the	latter	used	for	sealing	
the	channel	as	well	as	to	serve	as	the	input	optical	window	of	the	chip.		







fabricating	 the	 chip,	 as	 care	 has	 to	 be	 taken	 to	 avoid	 offsetting	 the	






field	 is	 formed	 between	 silicon	 and	 gold,	 in	 turn	 leading	 to	 field	
emission	 that	ends	up	damaging	 the	gold	 layer	 [20].	As	a	result,	 the	








hotplate	 at	 200	 C	 during	 2	 hours.	 Originally,	 an	 oxygen	 plasma‐
assisted	 silicon/quartz	 wafer	 level	 bonding	 makes	 a	 permanent	


































observed	 and	 it	was	 thus	 confirmed	 that	 the	 bonding	 strength	was	
enough	to	run	the	first	experiments.	Figure	4a	shows	a	top	view	and	




Measurement	 of	 the	 Otto	 chip	 response	was	made	 by	 use	 of	 an	
automated	reflectometer	operating	at	a	wavelength	of	975.1	nm	[23].	
A	simplified	representation	of	 the	measurement	system	 is	shown	 in	
Fig.5.	 A	 right	 angle	 BK7	 coupling	 prism	 is	 used	 to	 observe	 the	 SPR	
effect,	 with	 the	 chip	 placed	 in	 optical	 contact	 with	 the	 prism's	 top	
surface,	as	shown	in	the	figure.	The	output	laser	beam	is	transmitted	
through	 an	 iris	—	 not	 shown	 in	 Fig.5	—	which	 reduces	 the	 beam	
diameter	to	approximately	1	mm.	The	laser	beam	polarization	is	set	




DS	 are	 sent	 to	 two	 channels	 of	 a	 DAS‐16	 data	 acquisition	 board	
(Keythley‐Metrabyte)	slotted	on	a	PC	for	processing.		
One	 important	 feature	 in	 measuring	 the	 SPR	 effect	 in	 the	 near	
infrared	 is	 that	 in	 this	spectral	region	the	effect	 is	expected	to	occur	
within	 a	 very	 narrow	 angular	 range,	 as	 can	 be	 inferred	 from	 Fig.2.	
Therefore	angular	and	positioning	controls	of	the	sample	have	to	be	
highly	 precise.	 In	 the	 arrangement	 of	 Fig.5,	 computer	 controlled	
translation	movements	are	provided	by	step	motors,	corresponding	to	





In	 addition,	 the	 system	 has	 a	 built‐in	 translation	 compensation	






does	 not	 exhibit	 maximum	 absorption	 on	 resonance,	 as	 originally	
predicted	from	the	Fresnel	reflection	formulation	obtained	with	use	of	
the	 Au	 optical	 constants	 listed	 in	 [14].	 	 One	 possible	 source	 of	
discrepancy	 of	 the	 measured	 resonance	 relative	 to	 that	 predicted	
theoretically	could	be	the	existence	of	surface	roughness	[4].	Figure	7	
shows	an	AFM	picture	of	a	5	μm2	portion	of	the	Au	surface,	prior	to	
sealing	 with	 the	 quartz	 plate.	 	 The	 rms	 —root‐mean‐square	 	 —	
roughness	was	measured	along	the	black	horizontal	line	shown	in	the	
picture	and	a	value	of	2.9	nm	was	obtained.		This	value	is	too	small	to	
yield	 any	 appreciable	 change	 in	 the	 dispersion	 relation	 of	 surface	
plasmons	 relative	 to	 that	 expected	 from	 a	 smooth	 surface,	 in	 the	
infrared	spectral	region	[4].		
A	 nonlinear	 regression	 analysis	 algorithm	 was	 written	 in	







symmetrical,	 lorentizan–type	 lineshape,	which	 is	 the	 case	 for	 a	 gold	
surface	 in	 the	near	 infrared.	The	 two	 solutions	 are	 listed	 in	Table	 I.	
Taking	 into	account	 the	gap	 thickness	of	2.2	µm	measured	with	 the	












thickness	 for	 critical	 coupling	 is	 1.67	 µm	 for	 the	 type	 of	 gold	 film	
sputtered	in	our	apparatus,	as	listed	in	the	last	line	of	Table	II.		
It	 is	 important	 to	 point	 out	 that	 even	 though	 a	 critical	 coupling	
condition	 was	 not	 obtained	 in	 the	 fabricated	 device,	 the	 calculated	
sensitivity	 —	 maximum	 change	 in	 reflectance	 to	 an	 incremental	





Fig.4.	 (a)	 Top	 view	 of	 the	 Otto	 chip	 (all	 dimensions	 in	mm).	 (b)	 3D	
illustration	of	the	Otto	chip.		(c)	Picture	of	the	Otto	chip.	
  







60%	 of	 that	 at	 critical	 coupling,	 a	 not	 too	 significant	 reduction	 for	
sensing	applications.	
4. Conclusions 
It	 is	expected	 that	 the	Otto	chip	device	might	 find	 important	new	
applications	 both	 for	 biosensing	 and	 gas	 sensing.	 In	 biosensing,	 for	
example,	 further	 miniaturized	 reactor	 configurations	 in	 which	 the	
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